Among the large variety of micro-organisms capable of fermentative hydrogen production, strict anaerobes such as members of the genus Clostridium are the most widely studied. They can produce hydrogen by a reversible reduction of protons accumulated during fermentation to dihydrogen, a reaction which is catalysed by hydrogenases. Sequenced genomes provide completely new insights into the diversity of clostridial hydrogenases. Building on previous reports, we found that [FeFe] hydrogenases are not a homogeneous group of enzymes, but exist in multiple forms with different modular structures and are especially abundant in members of the genus Clostridium. This unusual diversity seems to support the central role of hydrogenases in cell metabolism. In particular, the presence of multiple putative operons encoding multisubunit [FeFe] hydrogenases highlights the fact that hydrogen metabolism is very complex in this genus. In contrast with [FeFe] hydrogenases, their [NiFe] hydrogenase counterparts, widely represented in other bacteria and archaea, are found in only a few clostridial species. Surprisingly, a heteromultimeric Ech hydrogenase, known to be an energy-converting [NiFe] hydrogenase and previously described only in methanogenic archaea and some sulfur-reducing bacteria, was found to be encoded by the genomes of four cellulolytic strains: Clostridum cellulolyticum, Clostridum papyrosolvens, Clostridum thermocellum and Clostridum phytofermentans.
Introduction
Molecular hydrogen is a key intermediate in the metabolic interactions of a wide range of micro-organisms. The main routes for biohydrogen production are photoproduction and dark fermentation with the latter providing higher rates of gas evolution without external energy requirements and the possibility of converting a wide range of biomassbased substrates into hydrogen. Among a large variety of micro-organisms capable of fermentative hydrogen production, strict anaerobes such as members of the genus Clostridium are the most widely studied (Levin et al., 2004) . Clostridia are the dominant micro-organisms in mixed microaerophilic communities capable of hydrogen production from biomass waste treatment. They can produce hydrogen by butyric and mixed acid fermentations at optimal pH values ranging from 4.5 to 5.5 (Fang & Liu, 2002) . While fermentative conditions, such as substrate type, pH, hydraulic and solid retention time, H 2 partial pressure and the concentration of acids produced, have been extensively studied and optimized (Li & Fang, 2007; Van Ginkel et al., 2005; Khanal et al., 2004) , relatively little is known about the different forms of hydrogenases present in clostridia.
Three classes of enzymes are capable of hydrogen production: nitrogenases (Masukawa et al., 2002) , alkaline phosphatases (Yang & Metcalf, 2004) and hydrogenases (Heinekey, 2009; Meyer, 2007; Vignais & Colbeau, 2004; Vignais et al., 2001) . However, owing to their highly reactive and complex metallocenters, hydrogenases are regarded as the most efficient with turnover rates 1000 times higher than for nitrogenases (Hallenbeck & Benemann, 2002) . Hydrogenases are found in diverse organisms, including methanogenic, acetogenic and nitrate-and sulfate-reducing bacteria, anaerobic archaea, rhizobia, protozoa, fungi and some green algae. They belong to an iron-sulfur (FeS) protein family that contains active sites consisting of inorganic sulfide and iron atoms bound by cysteinyl sulfur atoms to the polypeptide chain (Heinekey, 2009) . Hydrogenases are divided into three main groups based on their metallocenter composition:
[NiFe] hydrogenases, [FeFe] hydrogenases and [Fe] hydrogenases. The latter have only been described in methanogenic archaea (Pilak et al., 2006) .
The rapidly growing number of complete genomes from both aerobic and anaerobic micro-organisms provides new insights into the distribution, diversity and function of hydrogenases. However, among the numerous studies performed on fermentative hydrogen production by clostridia, only a few are specifically concerned with hydrogenases (Wang et al., 2008a, b; Morimoto et al., 2005) . Even in these cases, the authors focus on one type of [FeFe] hydrogenase, classified here as belonging to group A2, without considering the existence of multiple forms of this enzyme within one species.
Therefore, in addition to a review of the literature on clostridial hydrogenases, we present here the results of a comparative genomic analysis of the hydrogenase content of members of the genus Clostridium, with particular reference to [FeFe] hydrogenases. The results indicate that hydrogen metabolism in this genus is very complex; we conclude that a better understanding of its workings is essential for sustainable gas production. Moreover, the presence of multiple putative operons encoding multisubunit enzymes in the genomes of sequenced Clostridium species highlights the need to study the biochemical properties and functions of these novel, and as-yet undescribed, protein complexes.
Fermentative hydrogen production
Fermentation is a process in which energy is derived under anaerobic conditions from the oxidation of organic matter, predominantly carbohydrates, using an endogenous compound generated during the process as the electron acceptor. Fermentative hydrogen production occurs in members of the genus Clostridium when a proton is the final electron acceptor and the reaction results in hydrogen formation (Li & Fang, 2007) . During glucose fermentation, pyruvate is oxidized to acetyl-CoA and subsequently to acetate (Fig. 1a) . Hydrogenases, which are linked to the thermodynamically favoured oxidation of reduced ferredoxin e.g. pyruvate : ferredoxin oxidoreductase, generate hydrogen using protons as terminal electron acceptors. A second pathway for hydrogen production is via NADH reoxidation during glycolysis, in which the cytosolic hydrogenase, coupled to NADH : ferredoxin oxidoreductase, uses NADH as the electron donor to reduce protons to hydrogen (Vardar-Schara et al., 2007 ). An alternative pathway was recently proposed for Thermotoga maritima, in which a trimeric bifurcating hydrogenase (similar multisubunit complexes are present in the genomes of sequenced members of the genus Clostridium) simultaneously oxidizes reduced ferredoxin and NADH under low partial hydrogen pressure (Schut & Adams, 2009 ).
Although as many as 12 mol hydrogen can theoretically be derived from glucose, there is no known natural metabolic pathway that could provide this yield, due to the presence of other products (Woodward et al., 2000) . Ideally 1 mol glucose generates 4 mol hydrogen, with acetic acid, hydrogen and carbon dioxide as the only fermentation end products (Fig. 1b) . With butyric acid only 2 mol hydrogen are produced. However, in a consortium composed of different Clostridium species, a mixture of products is obtained and the amount of hydrogen generated is determined by the acetate/butyrate ratio. In addition, the partial hydrogen pressure and the metabolic shift towards the production of more reduced products (e.g. alcohols) affect the final gas yield obtained. (Bartacek et al., 2007; Nath & Das, 2004; Levin et al., 2004) . 
Hydrogenases
The process of biohydrogen production fundamentally depends on the presence of hydrogen-producing enzymes. Two groups of hydrogenases have been described in clostridia.
[NiFe] hydrogenases are well-characterized and widely distributed among archaea and bacteria but only a few representatives of clostridia possess this type of enzyme (Table 1) . In contrast, [FeFe] hydrogenases, restricted to bacteria and a few eukaryotic species, are much more abundant in clostridia.
From the first reported crystal structures of the [FeFe] hydrogenase from Clostridium pasteurianum (Peters et al., 1998) and Desulfovibrio desulfuricans (Nicolet et al., 1999) and of the [NiFe] hydrogenase from Desulfovibrio gigas (Volbeda et al., 1995) , it was deduced that in both types of enzymes, the bimetallic active sites are deeply buried within the protein matrix. They have similar frameworks with a unique coordination of the central Fe atom(s) by inorganic diatomic ligands. Another common feature is the existence of a [4Fe4S] cluster, proximal to the active centre and connected to the protein surface by means of additional FeS clusters. Finally, a hydrophobic gas channel, which runs from the molecular surface to the protein active site is characteristic for both classes of enzymes. Except for these similarities, the core polypeptides do not share any similarity, neither in amino acid sequence nor in 3D folding (Nicolet et al., 2000) . In addition, the protein maturation and assembly systems employed by the two classes of enzymes are phylogenetically unrelated and biochemically dissimilar (Böck et al., 2006) . Table S1 ). In clostridia, the gene cluster includes the regulatory genes hypC, hypD and hypE, which control the expression of the structural genes. However, no orthologues of HyaE and HybE were found in the genomes of clostridia, despite the fact that in E. coli these proteins are chaperones that play a step by step controlling role in hydrogenase assembly by preventing premature Tat-dependent membrane targeting (Dubini & Sargent, 2003) . Moreover, the small subunits of clostridial [NiFe] hydrogenases do not possess a large signal peptide containing a conserved RRxFxK motif which directs other hydrogenases towards Tat-dependent membrane location (Wu et al., 2000) , suggesting a cytoplasmic localization for clostridial [NiFe] hydrogenases. On the other hand, the presence of a membrane-anchoring third subunit (cytochrome b5) and the predicted membrane localization (Supplementary Table S1 , available with the online version of this paper) of the small subunit (PSORTb v.2.0. predicted results; Gardy et al., 2005) could indicate that this group of proteins is associated with a membrane. Additionally, in the genomes of Clostridium thermocellum, C. cellulolyticum, C. papyrosolvens and Clostridium phytofermentans, different six-subunit membrane-bound complexes were identified as belonging to the Ech hydrogenase group.
The analysis of sequence alignments of the small and large subunits led to a classification of [NiFe] hydrogenases into four main groups (Vignais et al., 2001) . The bacterial and archaeal membrane-bound respiratory-uptake hydrogenases and periplasmic soluble hydrogenases of sulfate reducers were classified together into the first group (Fig. 2) . The second group includes the cyanobacterial uptake hydrogenases together with the cytoplasmic soluble hydrogenases involved in H 2 sensing. Except for C. beijerinckii and C. cellulovorans, all the putative operons possess a gene encoding a di-haem cytochrome, which, in proteobacteria, connects the heterodimer to the quinone pool of the respiratory chain and maintains the enzyme in a reduced, active state (Meek & Arp, 2000) . In clostridia, this protein has only two of four conserved haem b-binding histidine residues and the polypeptide is shorter.
The hydrogenase of C. acetobutylicum ATCC 824 is the only one encoded on a megaplasmid (pSOL1); all the others are encoded on bacterial chromosomes. In proteobacteria, [NiFe] hydrogenases allow the organism to use H 2 as an energy source by linking its oxidation to the reduction of aerobic or anaerobic electron acceptors with energy recovery in the form of protonmotive force (Vignais, 2008) . In nitrogen-fixing bacteria, e.g. Azotobacter chroococcum, [NiFe] hydrogenase is induced when hydrogen is produced as an intrinsic part of nitrogenase (Yates et al., 1997 A small group of multisubunit membrane-associated [NiFe] hydrogenases, closely related to proton-pumping NADH : ubiquinone oxidoreductase (complex I), has been identified in several organisms including Escherichia coli (hydrogenases 3 and 4; Maeda et al., 2007; Self et al., 2004) , Rhodospirillum rubrum (Singer et al., 2006) , Methanosarcina barkeri (Kurkin et al., 2002) and Desulfovibrio gigas (Rodrigues et al., 2003) . These have been assigned to group 4 described by Vignais et al. (2001) , which is characterized by membrane-associated H 2 -evolving respiratory [NiFe] hydrogenases. The Ech hydrogenase from the methanogenic [NiFe] hydrogenase distance tree with special interest in clostridial enzymes. The evolutionary history was inferred using the neighbour-joining method. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The evolutionary distances were computed using the Poisson correction method. All positions containing alignment gaps and missing data were only eliminated in pairwise sequence comparisons (pairwise deletion option). Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) . Proteins originating from members of the genus Clostridium are indicated in bold type. FHL, Formate hydrogenylase; CO, carbon monoxide. archaea M. barkeri is the best studied. It is an integral membrane protein composed of six subunits encoded by the echABCDEF operon ( Fig. 3a and b) . Surprisingly, analysis of the genomes available for members of the genus Clostridium revealed the presence of Ech-like hydrogenase genes in C. thermocellum, C. phytofermentans, C. papyrosolvens and C. cellulolyticum. The six genes encoding the putative subunits A-F (Fig. 3a) Table S1 ).
There are no data concerning a physiological function for the Ech hydrogenase in clostridia. In archaea, the Ech hydrogenase from M. barkeri was shown to play a central role in cell metabolism, providing reducing equivalents in the form of reduced ferredoxin for the first step of methanogenesis (the reduction of CO 2 to formylmethanofuran by H 2 ). A distinct role of Ech hydrogenase was observed in the acetoclastic pathway (methanogenesis from acetate), where the enzyme catalyses an energy-conserving reaction: the production of hydrogen with reduced ferredoxin as the electron donor. Additionally it can provide the cell with reduced ferredoxin as the electron donor for the oxidoreductases that are required for the synthesis of acetyl-CoA and pyruvate . In members of the family Desulfovibrionaceae, depending on the growth conditions, Ech hydrogenase can work bidirectionally. During growth in the presence of hydrogen Ech hydrogenase can reduce ferredoxin for carbon fixation, while during lactate metabolism, it produces H 2 with a ferredoxin as a redox partner (Pereira et al., 2008) .
In the genomes of C. cellulolyticum, C. carboxidivorans and C. papyrosolvens, another cluster was found (Supplementary Table S1 ) containing six ORFs and showing some similarity to E. coli hydrogenases 3 and 4. However, because of the lack of crucial cysteines involved in the coordination of the active centre in the putative large subunit, this enzyme complex was not analysed further in this review.
Highly modular [FeFe] hydrogenases of clostridia
All available complete genomes and genomes in progress (February, 2009) for members of the genus Clostridium were searched for the presence of hydrogenase-and maturation-encoding genes (Supplementary Table S2 ). As previously observed (Meyer, 2007) , the catalytic subunits of clostridial [FeFe] hydrogenases display significant variations in size, mainly due to the presence of additional domains accommodating different numbers of FeS clusters (Fig. 4) . (Meyer, 2007) .
Many clostridial [FeFe] hydrogenases are putatively dimeric, trimeric or even tetrameric enzymes (Table 1) . The number and pattern of the conserved cysteine residues within the catalytic and accessory subunits suggests that an unusually high number of FeS clusters can be accommodated. This allows for efficient interaction with numerous redox partners.
Relatively little is known about the maturation and assembly of [FeFe] hydrogenases. Recent studies of mutants of Chlamydomonas reindhardtii revealed that two genes, hydEF (in most other organisms it splits into hydE and hydF) and hydG are involved in hydrogenase maturation (Posewitz et al., 2004) . Clostridial [FeFe] hydrogenase maturation genes, unlike those of [NiFe]hydrogenases, do not cluster together with structural genes and are encoded in different locations on the genome (Meyer, 2007) . This observation indicates that a pleiotrophic effect of the accessory enzymes on the assembly and maturation of the different FeS complexes could explain the highly modular forms of the [FeFe] hydrogenases found in clostridia.
Clostridia contain numerous distinct [FeFe] hydrogenases, presumably to allow them to quickly respond to changing environmental conditions. The existence of multiple forms of this enzyme was confirmed as early as in 1963 when it was found that the pH optimum for the hydrogenase of D. desulfuricans varied depending on the chemical reagents used for its activation (Sadana & Rittenberg, 1963) . With the completion of genome sequences, a much higher variety of forms of [FeFe] hydrogenases was revealed in many organisms (Vignais et al., 2001; Meyer, 2007) . For this review, sequences of more than 200 putative hydrogenases from different sources, with a focus on clostridial enzymes (Supplementary Table S2) , were compared to each other (protein alignments were prepared by using the MAFFT algorithm; Katoh & Toh, 2008) . The resulting distance tree (Fig. 5) shows the distribution of clostridial hydrogenases into four main groups, A, B, C and D, with each group containing a different number of clusters. A similar distribution was previously observed by Meyer (2007) . Group A includes organisms with the highest number of diverse proteins, but is the least robust section of the tree with lower bootstrap values and an internal topology that is sensitive to the number of sequences added or removed. Group B contains many sequences originating from members of the genus Clostridium and includes only a few representatives of other genera. Group C consists of mostly dimeric PAS/PAC sensory domains containing hydrogenases. Group D contains putative hydrogenases with much less well conserved L1, L2 and L3 motifs. Among the various structural frameworks (Fig. 4) and as previously observed (Vignais et al., 2001; Meyer, 2007) , the modular structure M2 (H cluster plus F cluster) is the most widespread one as it occurs in all the main branches. The modular structure M3, typical for C. pasteurianum, is very frequent in group A. Tetrameric and trimeric hydrogenases cluster exclusively inside group A, whereas groups B and D contain monomeric enzymes, and most representatives of group C are dimeric.
Known hydrogen-producing eukaryotes are scattered in the different clusters inside group A. Proteins phylogenetically related to [FeFe] hydrogenases (e.g. human Nar1p) have also been identified in all mitochondrial eukaryotes studied so far (Balk et al., 2004) . However, their further analysis is beyond the scope of this review.
The monomeric [FeFe] hydrogenases of group A
In the distance tree (Fig. 5 ), monomeric hydrogenases of group A are distributed between three clusters: A2, A4 and A5. The best studied is a soluble, monomeric hydrogenase (AAA23248) from C. pasteurianum with an M3 modular structure that is characteristic for all the proteins in the (Clostridium-specific) A2 cluster. These enzymes catalyse hydrogen production by transferring electrons from ferredoxins and flavodoxins to protons (Demuez et al., 2007) . The hydrogenase-encoding gene is located downstream from another ORF which encodes a butyrate kinase. For C. perfringens, it has been shown that both genes are similarly regulated in response to glucose and other fermentative substrates (Kaji et al., 1999) . In addition, the inactivation of the phosphotransacetylase gene (acetate formation pathway) in C. tyrobutyricum increased the expression of the butyrate kinase and hydrogenase. This resulted in a metabolic shift towards higher H 2 and butyrate production, which was attributed to the reduced specific growth rate resulting from decreased acetate production (Liu et al., 2005) . Although closely related to cluster A2, the C. beijerinckii hydrogenase (YP_001311066) (Pierik et al., 1993) . An RRR domain is found in many air-sensitive bacteria and archaea. It is believed to reduce H 2 O 2 as a part of an oxidative stress protection system, but its function is still poorly understood (Li et al., 2003) . The catalytic subunit of the putative dimeric hydrogenase of Clostridium bolteae (ZP_02089645) does not contain any additional motifs in its C terminus and is shorter (451 aa). Interestingly, it seems to be a component of the CO-oxidizing system, since it is coupled to the carbon monoxide dehydrogenase gene (CODH). A similar COoxidation/H 2 -evolution enzyme complex, associated with [NiFe] hydrogenase, was found in the membrane of Rhodospirillum rubrum and has been described as allowing the bacterium to metabolize carbon monoxide in the reaction CO+H 2 O A CO 2 +H 2 (Singer et al., 2006) . Neither hydrogenase nor the CODH subunit are predicted membrane proteins in C. bolteae, therefore a function as a putative energy coupling site is hypothetical.
Cluster A5 forms a coherent set of clostridial hydrogenases with an N-terminal domain containing a recently described SLBB motif (soluble-ligand-binding b-grasp fold). This fold can be found in a diverse set of proteins performing different cellular functions. It also provides an effective scaffold for binding FeS clusters in the case of the [2Fe2S] ferrodoxins involved in electron transport (Burroughs et al., 2007) .
Heteromultimeric [FeFe] hydrogenases of group A
The first well-characterized hydrogenase known to contain more than one subunit was purified from the hyperthermophilic, heterotrophic bacterium Thermotoga maritima (Verhagen et al., 1999) . In clostridia, heteromultimeric hydrogenases are composed of catalytic subunits containing an H cluster and FeS accessory domains (Fig. 4) . The residual subunits accommodate additional FeS clusters. According to the predicted localization, almost all putative multimeric hydrogenases of clostridia are cytoplasmic enzymes (Supplementary Table S2 ). The only membranebound enzymes were assigned to the A3 cluster, associated with the formate dehydrogenase gene (Figs 4 and 5) .
Group A dimeric hydrogenases with a glutamatesynthase-binding domain
In group A, cluster A7 contains dimeric hydrogenases with a D(M3) modular structure. The catalytic subunits show homology to cluster A2, whereas the accessory subunits [FeFe] hydrogenase distance tree with special interest in clostridial enzymes. The tree was constructed using the same algorithm as for the [NiFe] hydrogenase distance tree (Fig. 2) . Amino acids corresponding to the H-domain were used in the comparison. Proteins originating from members of the genus Clostridium are in bold type. The modular structure (Fig. 4) is indicated below the name of each cluster. *A subgroup of cluster A1 with a larger secondary subunit. 3No RRR motif, putative dimeric enzyme. The tree has been split into two parts along the dotted line for ease of viewing.
have two different domains, including one NuoF-like domain and another that interacts with the glutamate synthase NADPH small subunit. Glutamate synthases and glutamine synthases play a crucial role in microbial ammonium assimilation by catalysing the production of L-glutamate from L-glutamine and 2-oxoglutarate (Vanoni & Curti, 2008) . Reducing equivalents for this reaction are provided in the form of reduced pyridine nucleotides. Presumably, any H 2 produced during the fermentative processes could be reoxidized by this hydrogenase complex to generate NAD(P)H for glutamate synthase activity.
The C-terminal domain of the catalytic subunit of a dimeric hydrogenase from C. thermocellum (YP_001039392) contains an uncharacterized motif (Cx 18 CxCx 2 C) binding a putative FeS cluster. In addition, an NADPH-dependent glutamate synthase binding domain was identified in its N terminus.
Heterotrimeric bifurcating hydrogenases of group A
The trimeric clostridial hydrogenases of group A are distributed over four clusters. The proteins clustering into A1, A6 and A8 seem to be NAD-dependent, since their accessory subunits contain NADH-binding domains. The TR(M3) modular structure is characteristic for practically all of these protein complexes, except for those in cluster A3 which have the TR(M2) modular structure. The length of the catalytic a subunits is in the range of 560-600 aa. Two accessory subunits, a large b subunit (570-630 aa), similar to NuoF and a small c subunit (120-170 aa), which is homologous to [2Fe2S] thioredoxin, belong to the same operon as the catalytic subunits. There is evidence that the trimeric cytoplasmic hydrogenases in anaerobic species require both reduced ferredoxin and NADH in order to efficiently catalyse H 2 production (Schut & Adams, 2009) . By utilizing exergonic oxidation of ferredoxin, they drive the unfavourable oxidation of NADH (Fig. 1a) . As a consequence of linked redox reactions, the oxidation of NADH is coupled to H 2 production. This recently described 'electron bifurcation' process was proposed as a third type of energy conservation in anaerobic bacteria (Herrmann et al., 2008) . As regards gene organization, the genes encoding the trimeric hydrogenases in cluster A1 are usually preceded by a histidine protein kinase and are in close proximity to the other putative hydrogenases of cluster D. A similar situation was described for Ralstonia eutropha, where a histidine kinase and two [NiFe] hydrogenase complexes are involved in the H 2 -dependent signal transduction cascade leading to regulated hydrogenase gene expression (Friedrich et al., 2005) . The trimeric hydrogenases of cluster A6 have catalytic subunits of similar size to those of cluster A1, but their accessory subunits are slightly larger. At the genomic level, the trimeric enzymes of cluster A8 are usually associated with hydrogenases of group C containing PAS/PAC sensory domains. (Graentzdoerffer et al., 2003) . The putative hydrogenase operon contains four genes (hymA-D), three of which encode a trimeric hydrogenase. However, its catalytic subunit (hymA) is larger than those of cluster A3 (578 versus 461 aa) and has a modular M3 structure, clustering in A1 in the tree in Fig.  5 . Formate is used by this bacterium as an electron donor during amino acid fermentation. It was reported that at least one of the FeS clusters of FDH could interact with similar clusters of the hydrogenase. This suggests that electrons derived from the formate oxidation could be transferred to the hydrogenase to produce H 2 . The catalytic subunit of Clostridium kluyveri (YP_001394240) is a putative tetrameric enzyme and one accessory subunit has the predicted cytoplasmic membrane localization. This complex is not associated with any genes encoding formate dehydrogenase.
Monomeric hydrogenases of group B
Most of the sequences clustered within this group represent hydrogenases from members of the genus Clostridium. Proteins belonging to clusters B1 and B3 show a very similar structure to M3. A difference appears at the Ntermini where the characteristic cysteine motifs binding the plant ferredoxin-like domain and the [4Fe4S] (HCCC) ferredoxin domain are replaced by a series of six and eight cysteines in clusters B1 and B3, respectively.
The average size of the polypeptide in cluster B2 is 450 aa, which corresponds to the predicted molecular mass of 50 kDa. The modular structure is similar to M2a. The characteristic feature of this group is the presence of an additional cysteine residue (TSCCCPxW) in the conserved L1 motif of the H cluster. In addition, the conserved pattern binding the [4Fe4S] cluster closest to the Nterminus is slightly different. This pattern is Cx 1-4 Cx 5-located between the second and third cysteine residues, form a loop which does not play any crucial role in protein activity since a deletion mutant exhibited almost 70 % of wild-type activity (Masepohl et al., 1992) .
Group C dimeric hydrogenases, containing PAS/ PAC sensory domains, and group D monomeric hydrogenases
The characteristic feature of enzymes clustering into these two groups is the presence of an uncharacterized conserved motif Cx 2 Cx 4 Cx 16 C ligating the FeS centre. The N terminus is much shorter than in the other enzymes and binds only one [4Fe4S] cluster. Group C contains enzymes with PAS/ PAC sensory domains in their C-termini. Most hydrogenases of this group are dimeric with a short (~80 aa) thioredoxin-like second subunit. In the genomes, they are localized in close proximity to the trimeric hydrogenases of cluster A8 and, in some cases, to the monomeric hydrogenases of cluster B3 (C. bolteae, C. phytofermentans and Clostridium leptum). The presence of PAS domains suggests that the enzyme may have a light sensing function or be associated with some aspects of redox changes (Kleihues et al., 2000) . PAS domains may also be involved in protein-protein interactions. In bacteria, PAS domains are usually associated with the input domain of a histidine kinase or a sensor protein that regulates a histidine kinase (Zhulin et al., 1997) . By detecting changes in the electron transport system, a PAS domain containing proteins can monitor the environment and thereby reduce cellular energy levels. This indicates that there are some regulatory interactions between both PAS/PAC sensory hydrogenases and other hydrogenases.
Within group D, the monomeric hydrogenases with M2e modular structure have L1, L2 and L3 motifs that are considerably less well conserved. However, all the cysteine residues necessary to link the [4Fe4S] cluster and the 2Fe centres in the H-cluster are present. This group of proteins is usually encoded upstream of the trimeric hydrogenases in cluster A1, separated by a histidine kinase gene in most cases.
Application of hydrogenases in biohydrogen production
Given continued concern about the future security and price of energy supplies and the climatic impact of increased carbon emissions, there is considerable interest in the processing of renewable resources to provide alternative fuels such as hydrogen. Nevertheless, despite several decades of extensive studies, bioenergy conversion technologies remain far too expensive to implement on an industrial scale.
Clostridia can be used for biohydrogen production and their possible application in this field has been reviewed (Lin et al., 2007) . Clostridia can produce a theoretical 4 mol hydrogen from 1 mol glucose; however, this potential yield is based on what we know about the cell metabolism. The discovery of a broad range of hydrogenases changes our perspective on how these anaerobes can produce hydrogen. Most of the hydrogenases described in this study are putative enzymes whose gene sequences were derived from sequenced genomes; information on their biochemical properties and function is limited to cluster A2 (Fig. 5) The integration of hydrogen-producing enzymes into nonnative hosts could increase hydrogen yields to a commercially competitive level. However, it should be considered that gene products functioning properly under cellular conditions may behave differently under conditions for which they did not evolved. Therefore, a precise characterization of the biochemical properties of the key enzymes is required to improve the synthetic biology of an organism. It would be useful to be able to answer questions on the kind of regulation that is required and on whether the maturation system should also be introduced in order to synthesize the fully active protein e.g. heterologous expression.
The development of synthetic biology offers new perspectives for the construction of efficient hydrogen-producing strains and/or systems. It has already been shown that a yield far higher than the theoretical limit of 4 mol hydrogen can be obtained when using a cell-free artificial enzymic cascade composed of highly substrate-specific enzymes (Zhang et al., 2007) . Further improvement could be made by characterizing and testing new hydrogenases. A future challenge would be to derive an oxygen-resistant iron hydrogenase from a highly reactive, but oxygensensitive one by substituting amino acid residues.
Another approach is to increase hydrogen production yields by engineering the metabolic pathways that convert glucose into hydrogen (Mathews & Wang, 2009 ). The discovery of multiple hydrogenases in clostridia suggests the existence of novel metabolic pathways involved in hydrogen production.
Several clostridia are also very interesting with respect to their ability to ferment cellulose, the most abundant and renewable polymer on Earth. Efficient degradation of lignocellulosic biomass is required for the production of biofuels (Liu et al., 2008) . Interestingly, some of these cellulose-degrading species, such as C. cellulolyticum, C. phytofermentans or C. thermocellum, also possess a broad range of hydrogenases. In particular, the clostridial [NiFe] hydrogenases and the recently described Ech hydrogenases present in these organisms should be characterized in more detail.
Conclusions
This study demonstrates that the diversity of hydrogenases, especially the [FeFe] group, is severely under-reported in the literature, with the exception of two previous studies (Vignais et al., 2001; Meyer, 2007) . Even members of the genus Clostridium, a genus widely studied for its ability to produce hydrogen, have mostly been described as possessing only one type of hydrogenase, commonly named HydA.
Here, we have presented a comparative genomic perspective of the clostridial hydrogenases that could set a new paradigm for their application in hydrogen-producing systems. Sequenced genomes give a completely new insight into the diversity of clostridial hydrogenases. In contrast with most of the past reports, [FeFe] hydrogenases are not a homogeneous group of enzymes but exist in multiple forms with different modular structures. However, very little information is available on the physiological and biochemical properties of [FeFe] hydrogenases in clostridia. There is a need for detailed studies on the catalytic mechanisms of the different [FeFe] hydrogenases in order to assess the potential for their application in artificial hydrogen-producing systems.
A challenge ahead is to identify key enzymes in microorganisms capable of hydrogen evolution, and to develop optimal microbial systems for biomass conversion by means of metabolic bioengineering. A precise knowledge of hydrogen metabolism and hydrogenases is essential to optimization of the biohydrogen production process and should therefore be a goal for future research.
